Abstract. It has been recently realized that in peripheral heavy-ion collisions at high energies, a sizable magnetic field is produced in the interaction region. Although this field becomes weak at the proper times when the chiral phase transition is believed to occur, it is still significant so as to ask whether it influences such transition. We use the linear sigma model to study the chiral phase transition in the presence of weak magnetic fields.
INTRODUCTION
The study of matter under extreme conditions has been the subject of intense investigations during the last years, due to its relevance to particle physics, astrophysics and cosmology. In particular, in the standard big bang cosmology, it is believed that the phase transitions, that took place at the early stages in the evolution of the universe, played an important role to determinate the fate of the universe. The QCD phase transition is one of them and, at present, the experiments at the Relativistic Heavy Ion Collider (RHIC) have found convincing signals that reveal the production of deconfined matter where the degrees of freedom involved are the quarks and gluons of QCD [1] . Moreover, it has been recently pointed out that a magnetic field of a non-negligible strength is generated [2] . The origin of this field is two-fold: One one hand, in peripheral collisions, there is a local imbalance in the momentum carried by the colliding nucleons in the target and projectile that generates a non-vanishing local angular momentum [3, 4] which in turn produces a magnetic field, given the net positive charge present in the collision. On the other hand, the spectator nucleons can be thought of as currents of net positive charge moving in opposite, off center, directions which in turn produce a magnetic field that adds up in the interaction region.
The presence of such magnetic field can influence the phase transitions that may occur during the reaction, in particular the chiral phase transition. There are known examples where magnetic fields are able to change the nature of a phase transition. Most notably is the Meissner effect where the phase transition of superconductors of type I changes from second to first order in the presence of a magnetic field. Magnetic catalysis is another phenomenon whereby the presence of a magnetic field is able to dynamically generate masses in QED, regardless of the strength of the field [5] . More recently, it has been shown that in the presence of primordial magnetic fields, the electroweak phase transition, that took place in the early universe for temperatures of order 100 GeV, gets also strengthened [6] . Calculations of the intensity of the field produced in this kind of collisions show that for very early proper times after the reaction (T < 0.1 fm) the field reaches values eB -2^ 6m\, where nin is the pion mass, even for mid-peripheral collisions. The intensity decreases with proper time as eB <x 1/T^ in such a way that for T :i; 1 fm, namely, for times when the standard picture of a heavy-ion reaction places the existence of the equilibrated QGP, eB<0.l m^ll], that is, already two orders of magnitude smaller than at the very early stages of the collision.
In a recent work, the chiral phase transition in relativistic heavy-ion collisions has been examined in the presence of strong magnetic fields using the linear sigma model [7] . The authors conclude that the effect is to change the nature of the phase transition from second to first order. Nevertheless, as mentioned above, a more realistic scenario should be to consider that for the times when the initial chromoelectric fields decohere in the aftermath of the collision and give rise to partons -which in turn are the appropriate degrees of freedom to describe the chiral phase transition-the magnetic field in the interaction region might not be that strong. At these times the hierarchy of scales is such that the magnetic fields strength is the smallest of all and the deconfinement/chiral phase transition temperature is the largest one, while the mass of the Goldstone boson of the symmetry breaking, the pion mass, occupies an intermediate place. Furthermore, the analysis of Ref. [7] neglects the contribution from the so called ring diagrams which are known to be important at high temperatures to account for the infrared properties of the plasma [8, 9] as well as the renormalization of the effective potential which is important to have a perturbative control of the analysis.
In this work we lay down the basis for the calculation of the effective potential at finite temperature to describe the chiral phase transition in relativistic heavy-ion collisions, when this happens in the presence of a weak magnetic field. We use the linear sigma model as the working tool. We work explicitly with the hierarchy of energy scales where ei? <C m^ <C T^, with in the generic mass and T the temperature around the phase transition, considering that the interaction region is subject to an external magnetic field directed along the positive z axis. The present analysis gives a somewhat detailed account of the effective potential only up to one-loop. A more detailed discussion including the effects of the ring diagrams and the full effect of a weak magnetic field will be presented elsewhere [10] .
THE LINEAR SIGMA MODEL
The Lagrangian associated to this model is given by where i// is a SU(2) isospin doublet of massless quarks, K = {Ki,K27t3) is an isospin triplet representing the pions and a is an isospin singlet.
In the linear sigma model, the ground state is determined by the minimum of the potential in the Lagrangian, which describes the interactions between the scalars F(^') = -^(c72 + ;r2) + ^(c72 + ;r2)2.
If the mass term is positive, we may choose a particular ground state such as (cT)=vo = -^ and (;r) = 0.
where vo is also called the classical vacuum, that is, the value that, for uniform field configurations, minimizes the classical action. Expanding the sigma field around the minimum as
where v is taken as a variable. When v = vo, o' represents the field configuration arround the classical vacuum. As a function of the shifted field, after symmetry breaking, the Lagrangian of Eq. (1) becomes a theory describing a massive a' field, three pion fields and a massive quarkdoublet field with masses ml,{v) ml{v) mq{v) = ml, = 3?.^v^-ii^ = ml = A^v^ -11^ = mg = gv, ( 
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respectively. Notice that when v = vo the pion becomes massless while the quarks and sigma field are massive.
EFFECTIVE POTENTIAL AT FINITE TEMPERATURE
The leading term in the loop expansion of the effective potential is given by F(^'-^^) = -^V2 + ^V4. (6) We consider that the a' field is very heavy (:i;600 MeV) and thus treat it only classically. To one-loop order, the effective potential receives contributions from the pions and fermions
where in general each one of these contributions, in the imaginary-time formulation of thermal field, is given by
with D stands for either the scalar or fermion propagator, and the trace is taken over all internal indices. The factor g is the degeneracy factor accounting for the internal degrees of freedom for bosons (isospin) and fermions (isospin and color), n is the index for the Matsubara frequency. For charged particles, these propagators should include the effect of the external magnetic field. Nevertheless, it has been shown [6] that for the hierarchy of energy scales considered, at the one-loop level, the terms containing the effects of the magnetic field are subdominant. Equation (8) contains both a vacuum and a finite temperature pieces. The vacuum piece exhibits the usual ultraviolet divergence that is regulated by introducing counterterms to absorb these infinities. As the pion mass becomes vanish when v = vo, we fix the counter-terms by requiring that the position of the minimum of the potential maintains its classical value [8, 11] . After this procedure, the renormalized effective potential to one loop is
Using Eq. (8), the finite temperature contribution from quarks and pions to one-loop effective potential, is 
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'"Vin/^ ^i 71 rji \2n 6An^^^\{AnTf (10) Adding the renormalized effective potential to the finite temperature contributions, we get the full one-loop finite temperature effective potential
A few words about the properties of Eq. (11) are in order: First, notice that the dependence on the pion mass in the argument of the logarithmic functions has canceled upon addition of the vacuum and finite-temperature pieces of the renormalized effective potential. This is an important property for otherwise, this function can develop an imaginary part when the pion mass is negative, namely for v < VQ. Second, notice the appearance of a cubic pion mass term. This is also a dangerous term since it gives rise to an imaginary piece when the pion mass is negative. We can show that this term is exactly canceled when considering the contribution from the ring diagrams [10] .
CONCLUSIONS AND OUTLOOK
In this work we have computed the finite-temperature effective potential up to one-loop order in the sigma model in the presence of an external magnetic field. We have treated the a field as classical since it corresponds to a very heavy particle. To this order, the magnetic field contribution is subdominant for the hierarchy of energy scales considered. The phase transition is second order and happens for a critical temperature Tc c^:^ 150 MeV. The magnetic field contribution comes only when considering the next order correction to the effective potential which arises from the so called ring diagrams. These represent a resummation of the leading infrared divergences in theories containing massless fields, which in the present context are the pions. The leading contribution comes from the n = 0 mode in the expression r'"^ = fs/(03Mi+nfz3^W],
where nf and D^ are the one-loop pion self-energy and pion propagator, respectively, in the presence of a magnetic field. Since the a is treated as a classical field, the scalar contribution to 111 is obtained from the computation of the pion tadpole diagram. The fermion contribution to this self-energy is obtained from the diagram with a fermion bubble. The magnetic field dependence of these diagrams is obtained, for the hierarchy of energy scales considered here, computed by means of the method described in Ref. [6] . The computation of Eq. (12) is currently under way and will be soon reported elsewhere. The question remains as whether the second order nature of the phase transition can be modified even when the magnetic field is weak.
